Germ line micronuclear genes in ciliated protozoa contain two types of interrupting sequences. Some genes contain introns, but internal eliminated segments (IESs) are much more prevalent. IESs are AT-rich DNA segments that separate macronucleus-destined segments (MDSs) in micronuclear genes. All IESs are excised and destroyed when a micronucleus develops into a macronucleus after each cell mating. IESs have no discernible function. Therefore, an investigation of the behavior of IESs in evolution has been undertaken to assess their possible significance. The IESs in the micronuclear gene encoding the ␤-subunit of the telomerebinding protein (␤-TP) are not conserved in number, position, sequence, or length during the evolution of four oxytrichid ciliates. In contrast, the scrambled pattern of MDSs and IESs of the micronuclear actin I gene has been conserved during evolution; however, the precise positions, sequences, and lengths of the IESs differ among species, and in some organisms the actin I gene contains an additional IES and MDS. Corresponding IESs in the actin I genes among the different organisms have shifted positions by 1 to 14 bp, presumably by a mutation-shifting mechanism, creating differences in the repeat sequences flanking IESs. Thus, conservation of a particular repeat sequence among species is not required for IES excision. The changes in IES number and position in the ␤-TP genes among ciliates are in sharp contrast to the stability of the intron position. Therefore, IESs are volatile, hypermutable elements that are inserted, removed, shifted, and modified continuously in the germ line through evolutionary time.
Ciliated protozoa contain two classes of interruptions in their germ line (micronuclear) genes. Introns are present in some genes, although in general, ciliate genes are intron poor (reviewed in reference 27). Much more common are interruptions known as internal eliminated segments (or sequences) (IESs), first described for the hypotrichous ciliate Oxytricha nova (21) . Occurrence of IESs is particularly high in germ line genes of ciliates of the order Hypotrichida. Collectively, a micronuclear genome in the oxytrichid hypotrichs (genera Oxytricha and Stylonychia) may contain a total of ϳ200,000 IESs, which are all AT rich (60 to 100% AT). Oxytrichid IESs range in size from 7 bp to several hundred base pairs and appear to be randomly distributed throughout micronuclear genes.
A remarkable feature of IESs is their precise excision from genes, by an unknown mechanism, when a micronucleus develops into a macronucleus (somatic nucleus) after cell mating. DNA segments separated by IESs are called macronucleusdestined segments (or sequences) (MDSs). After IES excision, MDSs are spliced together to form transcriptionally active macronuclear genes. In some genes, IESs separate MDSs that are not in the orthodox order, and the MDSs must be unscrambled during development to form a functional gene. IES excision is presumed to require the repeat sequences (2 to 19 bp) that flank each IES. The repeats flanking IESs between scrambled MDSs are longer than the repeats flanking IESs between nonscrambled MDSs (reviewed in reference 28). Excision of IESs from micronuclear DNA is in contrast to the excision of introns, which occurs at the RNA level after transcription of macronuclear DNAs.
As for introns, the significance of IESs is not understood. IESs do not separate structural or functional domains of the encoded protein (7) . The origin of IESs is also unknown, but IESs are assumed to have arisen after ciliates diverged from other eukaryotes in evolution, since no eukaryote outside the ciliates has been reported to contain IESs in its germ line genes.
To gain insight into the significance of IESs, we have examined the evolutionary behavior of the IESs in two micronuclear genes, one with nonscrambled MDSs and one with scrambled MDSs, in several species of hypotrichous ciliates.
MATERIALS AND METHODS
Cell culture, nuclear isolations, and DNA extractions. Oxytricha trifallax WR was isolated from a mountain stream on Walker Ranch in Colorado. It is very similar in morphology and behavior (7) and in DNA sequences to O. trifallax B and Oxytricha fallax, which were isolated many years ago from a river in Bloomington, Indiana, by R. Hammersmith and T. Sonneborn, respectively. Oxytricha nova was isolated from a North Carolina water sample (22) . Oxytricha sp. strain Aspen was isolated from a creek outside Aspen, Colorado. Stylonychia mytilus was isolated in Harbin, China.
Cell culture and nuclear isolations were described previously (29) . Micronuclear and macronuclear pellets were suspended in Tris-EDTA, mixed with sodium dodecyl sulfate to 0.1%, and extracted three times with phenol and once with chloroform, and the resulting DNAs were precipitated in ethanol.
Oligonucleotides used in PCR and sequencing. Several oligonucleotides corresponding to the sequences of the ␤-subunit of the telomere-binding protein (␤-TP) and the actin I genes were synthesized (DNA International and Gibco-BRL) and used in both PCR and sequencing. The primers shown in Fig. 1 Some of the primers used in the analysis of the actin I genes have been published previously; primers E L , F R , and G R (see Fig. 3 ) correspond to primers 1, 4, and 6, respectively, in reference 5. The actin I primer locations below refer to the O. trifallax WR micronuclear actin I sequence (GenBank accession number U19288) (also see reference 5). Additional actin I primer sequences are listed as follows (primer name and/or number, gene location, and sequence are given in that order): B24, bp 177 to 158, 5Ј-AAGCA TACCA TGTTC AATGG-3Ј; F L /H L (F20), bp 873 to 896, 5Ј-TGCGA TGTCG ACGTT AGAAG AGAC-3Ј; E R (B11), bp 988 to 963, 5Ј-TTGGG AGCTC TATTC TCAAT TTCCT T-3Ј; B12, bp 1106 to 1083, 5Ј-TTTAG TGATC CACAT GCTGG CGAA-3Ј; G L (F7), bp 1782 to 1801, 5Ј-GCCTT GACGA CTCCT GAACC-3Ј; H R (B21), bp 1803 to 1784, 5Ј-ACGGT TCAGG AGTCG TCAAG-3Ј; F19, bp 1889 to 1908, 5Ј-ATAGT TTAAG TCGAG ACTGA-3Ј.
BAL 31 nuclease treatment of micronuclear DNA. In order to obtain a micronuclear DNA preparation that was free of contaminating, gene-sized, macronuclear DNA, 2 g of a micronuclear DNA preparation was incubated in a 50-l volume with 1ϫ buffer (20 mM Tris [pH 7.2], 600 mM NaCl, 12.5 mM MgCl 2 , 12.5 mM CaCl 2 , 1 mM EDTA) and ϳ4.5 U of BAL 31 nuclease (Boehringer Mannheim) for 40 min at 30ЊC. The treated DNA was extracted with 50% phenol-50% chloroform, precipitated in ethanol, and resuspended in ϳ90 l of Tris-EDTA. Three microliters was used per PCR (below).
PCRs, purification and cloning of PCR products, and plasmid DNA isolation. The following PCR mixture was used: 50 mM KCl-20 mM Tris-HCl (pH 8.4)-200 mM deoxynucleoside triphosphates-3 mM MgCl 2 . All reactions used 7.5 pmol of each primer and either ϳ20 ng of macronuclear DNA or ϳ75 ng of micronuclear DNA as the template. After a hot start (92ЊC for 3 min), 0.6 U of Taq DNA polymerase (Gibco-BRL) was added to each 50-l reaction mixture. Reaction mixtures were cycled in an Ericomp Twin Block Easy Cycler System for 35 to 40 cycles of these steps: 92ЊC for 60 s, 48 to 55ЊC for 45 s, 72ЊC for 45 to 90 s.
After electrophoresis in 0.8 to 2.5% agarose gels (FMC BioProducts), PCR products were electrophoresed from the agarose onto diethylaminoethyl (NA45) membranes (Schleicher & Schuell), eluted, and precipitated, as described by the manufacturer. PCR products were then ligated into the SmaI site of plasmid pGEM7Zf ϩ (Promega Corp.) and transformed into Escherichia coli (DH5␣) by standard methods (31) . Plasmid DNAs from transformants were isolated by an alkaline lysis procedure (3). For sequencing, additional plasmid DNA was isolated with the RPM kit (Bio-101, Inc.).
DNA sequencing and analysis. Plasmid DNA templates were sequenced by a chain-termination method (32, 36) with Sequenase T7 DNA polymerase (Amersham Life Sciences); these reaction mixtures were run in 8 M urea-6.5% Long Ranger (FMC BioProducts)-1.2ϫ Tris-borate-EDTA (TBE) gels, with a buffer of 0.6ϫ TBE. PCR products were directly sequenced with the Sequenase PCR product sequencing kit (Amersham Life Sciences); these sequencing reaction mixtures were run in 8 M urea-6.5% Long Ranger-1ϫ GTB gels (1ϫ GTB [glycerol tolerant buffer] is 89 mM Tris base, 29 mM taurine, and 0.54 mM EDTA, pH 8.0), with 1ϫ GTB as the buffer.
Sequences were compiled and analyzed with the MacVector and AssemblyLIGN programs (International Biotechnologies Inc.) and the Wisconsin Genetics Computer Group package (10) programs BESTFIT, GAP, and PILEUP (several gap weights were used in the analysis, but the alignments of IESs in Fig.  2 and 4 use a gap weight of 2.0).
Nucleotide sequence accession numbers. All sequences were submitted to GenBank (2) 
RESULTS
The numbers, sequences, and positions of IESs are not evolutionarily conserved in the nonscrambled gene encoding ␤-TP in four hypotrichs. The sequences of the micronuclear and macronuclear versions of the gene encoding the ␤-subunit of the telomere-binding protein (␤-TP) in O. nova have been published previously (15, 26) . Like all macronuclear DNA molecules in hypotrichs, the gene-sized ␤-TP gene in the macronucleus consists of a 5Ј leader, an open reading frame (ORF), a 3Ј trailer, and telomere sequences at both ends. The micronuclear version of the gene contains three AT-rich (80% AT) IESs, one (32 bp) near the 5Ј end of the ORF and two (34 and 39 bp) in the 3Ј trailer; telomere sequences are absent from micronuclear versions of hypotrich genes. The macronuclear version of the ␤-TP gene in S. mytilus was previously sequenced (8) ; the proteins encoded by the macronuclear ␤-TP genes of O. nova and S. mytilus are ϳ79% identical in amino acid sequences.
In the present work, the micronuclear version of the S. mytilus ␤-TP gene and the micronuclear and macronuclear ␤-TP gene versions from two isolates of O. trifallax (designated B and WR; refer to Materials and Methods) were sequenced. The macronuclear sequences will be reported elsewhere (6) . Determination of these sequences enabled structural comparisons of the micronuclear ␤-TP genes among four hypotrichs, O. nova (26) , S. mytilus, O. trifallax B, and O. trifallax WR. The sequences of the micronuclear genes in the three additional organisms reported here were determined from duplicate clones of PCR products obtained using micronuclear DNA as the template (the presence of multiple gene copies in micronuclear DNA prohibited the direct sequencing of the PCR products, as discussed later). Two pairs of primers designed from the macronuclear gene sequences were used to generate two overlapping PCR products that encompass the micronuclear ␤-TP gene versions of S. mytilus, O. trifallax B, and O. trifallax WR (Fig. 1) . PCR products of each of the three micronuclear genes were cloned in duplicate and sequenced, using sequence-specific primers (listed in Materials and Methods). Composite micronuclear ␤-TP gene sequences were derived from the duplicate clones of the two PCR products.
The micronuclear ␤-TP gene of S. mytilus contains two IESs. Sequencing of the clones of the two PCR products (myt-A and myt-B in Fig. 1A) showed that the micronuclear ␤-TP gene in S. mytilus contains two AT-rich (93%) IESs, one fewer than in O. nova (26) . One IES is in the 5Ј leader, 82 bp upstream of the ATG start codon, and one is near the end of the ORF, 71 bp upstream of the TGA stop codon. The two IESs define three MDSs, which are spliced when the IESs are excised to produce the macronuclear version of the ␤-TP gene during macronuclear development after cell mating (Fig. 1) . The MDSs contain pairs of short direct repeats (ATGTT for IES1 and GAAAGA for IES2; Fig. 2 ) that flank the IESs at the MDS-IES junctions. Such pairs of repeats are presumed to be involved in IES excision, since repeat pairs are a constant feature at all MDS-IES junctions in all micronuclear genes examined so far. Aside from the extreme AT richness, a characteristic of all IESs examined to date, the IESs of the S. mytilus ␤-TP gene do not show any sequence similarity to each other or to the IESs of the O. nova ␤-TP gene (discussed below).
An intron of 69 bp interrupts the micronuclear ␤-TP gene of S. mytilus in the same position in the coding region as the intron in the previously reported macronuclear gene sequence (8) . A 111-bp intron is also present in this position in the micronuclear and macronuclear versions of the ␤-TP gene in O. nova (15, 26) (Fig. 1) .
The micronuclear ␤-TP gene of O. trifallax contains six IESs. The micronuclear ␤-TP genes of O. trifallax B and O. trifallax WR (Fig. 1A) were sequenced using the same strategy as that used for the S. mytilus gene. PCR and sequencing primers were designed from the macronuclear sequences of O. trifallax B and WR; the macronuclear sequences of O. trifallax B and WR are nearly identical and will be described elsewhere (6) . Primer pairs tri-C and tri-D ( (Fig. 2) . The six IESs are AT rich but are dissimilar in length and sequence, both in comparison with each other and in comparison with the IESs of the ␤-TP genes of O. nova and S. mytilus (Fig. 2) .
The O. trifallax WR micronuclear ␤-TP gene also contains six IESs in the same positions as in O. trifallax B (Fig. 1) . In the two organisms, O. trifallax B and O. trifallax WR, IESs 1 and 2 are virtually identical in sequence, IES4 is moderately different, and IESs 3, 5, and 6 are very different (Fig. 2) . However, the comparison of sequences of IESs between O. trifallax B and O. trifallax WR is complicated by multiple copies of the ␤-TP gene in both organisms (described below). The ␤-TP gene is interrupted in both organisms by an intron of 86 bp in the same position in the ORF as in the genes in S. mytilus and O. nova (Fig. 1) .
In both O. trifallax B and O. trifallax WR, IES1 contains a telomere repeat sequence, G 4 T 4 G 4 (Fig. 2) , and therefore belongs to a class of IESs designated by Klobutcher (19) as TelIESs. The presence of G 4 T 4 G 4 suggests that this IES could have originated from intergenic spacer DNA, which is AT rich and contains widely scattered telomere sequences of various lengths (4) . The telomeric sequence in the IES also could have originated from other telomeric sequences in ciliates, including telomere-bearing transposon-like elements (14) , the telomerase-RNA encoding gene, or telomeric sequences from macronuclear DNA.
To summarize, the micronuclear ␤-TP genes in O. nova, S. mytilus, and O. trifallax are interrupted by different numbers of IESs (two, three, and six, respectively) ( (Fig. 1) were sequenced. In some cases, the sequences of the two clones of a given PCR product were identical, and in some cases they were different. For example, the two clones of PCR product myt-B were identical in sequence, but the two PCR clones of myt-A were different. IES1 was 10 bp in one myt-A clone and 20 bp in the other clone (Fig. 2) . Similarly, the two clones of PCR products tri-C and tri-D of the ␤-TP genes of O. trifallax B were identical. However, the overlap region between PCR products tri-C and tri-D, which contains part of MDS4, all of IES4, and part of MDS5 (Fig. 1A) , was different in sequence between the two products. This difference means that PCR products tri-C and tri-D represent different copies of the micronuclear ␤-TP gene. Similar differences among PCR products were detected in comparisons of the two clones of PCR products tri-C and tri-D of O. trifallax WR.
Almost all of the variations between the micronuclear copies of the ␤-TP gene within an organism (either S. mytilus, O. trifallax B, or O. trifallax WR) occur in the IESs, which differ in both sequence and length. These differences are shown in Primer pairs tri-C and tri-D were used to amplify PCR products from both O. trifallax B and O. trifallax WR DNAs. PCR primer pairs myt-A, myt-B, tri-C, and tri-D were used on micronuclear DNAs (A) and macronuclear DNAs (B) from all three organisms, but only the micronuclear PCR products were cloned. The sizes of the PCR products from both micronuclear and macronuclear DNA are shown below the PCR products. The listed size is for the larger PCR product that was sequenced; for example, PCR products of 859 bp and 849 bp were amplified with primer set myt-A on S. mytilus micronuclear DNA; they differ in the length of IES1 ( two micronuclear copies of the ␤-TP genes in S. mytilus and O. trifallax WR differ slightly but significantly from the published macronuclear sequences of S. mytilus (8) and O. trifallax WR (6), which indicates that there are three copies of the ␤-TP gene in these organisms.
Differences in sequence between micronuclear copies of the coding regions of the ␤-TP genes within S. mytilus and O. trifallax are slight. Some of these differences have been verified as genuine copy differences by direct sequencing of macronuclear PCR products (data not shown), but others are likely due to PCR errors. The differences between macronuclear copies mostly occur in wobble positions of codons and therefore do not change the amino acid sequences. For additional sequence information, GenBank accession numbers are provided in Materials and Methods.
Multiple micronuclear copies with matching macronuclear copies, differing in a small percentage of nucleotide positions, with zero to three differences in the encoded amino acid sequence, have been found for all seven of the genes in O. nova for which both micronuclear and macronuclear versions have been characterized (reviewed in reference 28). These are the C2 gene (21) , the R1 gene (30) , and genes encoding actin I (12, 13, 29) , ␤-TP (15, 26), ␣-TP (the ␣-subunit of the telomerebinding protein) (11, 25) , DNA polymerase ␣ (17, 24), and heat shock protein 70 (1, 23) . For each of the genes that has been sequenced in the present work, multiple micronuclear copies have been identified, and these differ from the macronuclear sequences in a few positions.
Some organisms contain more than two copies of at least some genes, for example, the ␤-TP genes in S. mytilus and O. trifallax. If micronuclei are diploid, then the two alleles cannot account for the three or more copies of the gene, and the gene must be present in at least one additional locus. However, we do not know if the hypotrich micronuclei are diploid. As a result, we identify the different sequence versions of the gene as "different copies." In general, the sequence differences cannot be attributed to differences in isolates, because a single micronuclear DNA preparation was used for the set of PCRs from each organism.
Most of the IESs interrupt the different copies of the ␤-TP genes of O. trifallax B and O. trifallax WR in identical positions, as evidenced by identical repeat sequences at MDS-IES junctions (Fig. 2) . Two small differences in IES positions between O. trifallax B and O. trifallax WR are in the repeat sequences flanking the ends of IESs 4 and 5 (Fig. 2) . The repeat sequence flanking IES4 is ACTTC in one copy in O. trifallax B; however, in all other sequenced copies in O. trifallax B and O. trifallax WR, the repeat is ACTT (Fig. 2) , which indicates either that the repeat sequences flanking IES4 in one copy of the ␤-TP gene of O. trifallax B were lengthened by 1 bp or that the repeats flanking the other copies were shortened by 1 bp. For IES5, the flanking repeat sequence is CTGCTA in O. trifallax B, and the corresponding repeat sequence in O. trifallax WR is shifted by 1 bp, ACTGCT. This appearance of an A at the left end and the absence of an A from the right end of the repeat in O. trifallax WR (or vice versa for O. trifallax B) means that the position of IES5 in the gene is shifted by 1 bp between the two organisms. Both of these differences in MDS-IES junctions are explained by the mutational shifting model described in Discussion (see Fig. 7A ).
In summary, at least two copies of the ␤-TP genes in S. mytilus, O. trifallax B, and O. trifallax WR are clearly distinguishable by major differences in the sequence and differences in the lengths of IESs. By comparison, differences in the coding regions between copies are very minor. Thus, IESs in the different ␤-TP gene copies within a species accumulate mutations in sequence and length at a much higher rate than coding sequences. The positions of IESs within a species are predominantly stable, as observed with O. trifallax B and O. trifallax WR, but some minor differences in MDS-IES junctions are evident.
The scrambling pattern is evolutionarily conserved in the micronuclear genes encoding actin I in five hypotrichs. In some micronuclear hypotrich genes, the MDSs are in a scrambled order and must be rearranged during macronuclear development to form a functional gene. In the actin I gene of O. nova, the MDSs are in the order 3-4-6-5-7-9-2-1-8, with eight IESs intervening between the MDSs in the micronuclear gene (29) . Sequences of two different cloned copies of the micronuclear actin I gene in O. nova consist of nine identically scrambled MDSs. The copies differ in 25 nucleotides; only three of the differences are in the coding region, and they do not create any amino acid differences. The structure of the micronuclear actin I gene of O. trifallax WR has also been published (5) . It is scrambled in the same general pattern as the actin I gene in O. nova, but it has 10 MDSs (in the order 3-4-6-5-7-9-10-2-1-8) instead of 9, and 9 IESs instead of 8.
The micronuclear actin I genes in three additional hypotrichs, O. trifallax B, O. fallax, and Oxytricha sp. strain Aspen, have been sequenced for an expanded comparative analysis of the sequences, sizes, numbers, and positions of IESs in this scrambled gene. Micronuclear sequences of the actin I genes in the three organisms were obtained by cloning and sequencing three overlapping PCR products from O. trifallax B and O. fallax micronuclear DNAs (tri-E, tri-F, and tri-G in Fig. 3A ) and one PCR product from Oxytricha sp. strain Aspen (Asp-H in Fig. 3A) . (Fig. 3) (Fig. 3) , as it is in both O. trifallax WR (5) and O. nova (29) ; therefore, the coding sequence in MDS2 is on the opposite DNA strand from the rest of the coding sequence. Two clones of each of the three PCR products (tri-E, tri-F, tri-G [ Fig. 3A] ) of O. trifallax B and O. fallax micronuclear DNA were sequenced. The coding regions generated by the two sets of PCR products are virtually identical between PCR products among the three organisms (O. trifallax WR, O. trifallax B, and O. fallax).
The structural arrangement and the coding sequences of the ORFs of both the actin I and the ␤-TP genes indicate that O. trifallax WR, O. trifallax B, and O. fallax are three isolates of the same species, and these are henceforth referred to as the O. trifallax-O. fallax group, representing a single species. Each of the three isolates contains at least two copies of both genes. Like the IESs in the ␤-TP gene, some of the nine IESs of the actin I gene are identical in sequence and length in the multiple gene copies both within an organism and among the three isolates of the species, and some have undergone considerable mutation in sequence and small changes in length, e.g., IESs 4 and 6 (Fig. 4) . The lengths and sequences of the repeats at the ends of the IESs have also changed for many IESs from species to species. The largest change in sequence occurs in the repeat at the left end of IES5 at the 3Ј end of MDS7 (and its repeat match at the right end of IES9 in the 5Ј end of MDS8) (Fig. 4) . The repeat is ATACTGAAAC in one copy of the actin I gene and TGAAACTTAA in two other copies (see Fig. 4E and I) . In another example, the repeat at the 3Ј end of MDS6 (flanking IES3) is TGAGGAAT in some copies of the gene and TCTGAGGAAT in another copy of the gene (Fig. 4C) ; the other repeat in the pair is located at the 5Ј end of MDS7 (Fig.  4D ). These changes in the repeat sequences are explained by a mutation model of IES shifting along the DNA presented in Discussion (see Fig. 7 ).
The presence of multiple copies of the actin I gene in a single organism was also demonstrated by direct sequencing of PCR products from micronuclear DNA (without cloning). Figure 5 shows a comparison of sequences from PCR products amplified from these DNA templates: macronuclear DNA, BAL 31 nuclease-treated micronuclear DNA, and a PCR-generated micronuclear clone of the actin I gene (cloned in a plasmid). The PCR products were generated with primers complementary to MDSs 4 and 1 for micronuclear DNA and to MDSs 4 and 9 for macronuclear DNA (Fig. 5A) . The sequencing reaction of the macronuclear DNA PCR product begins in MDS4 (Fig. 5B, MACRO panel) and continues through MDS5. The gel shows a single sequence, which means that the coding regions of multiple copies of the actin I gene are identical to each other in O. trifallax B macronuclear DNA. The 13-bp repeat sequence that presumably guides splicing of MDSs 4 and 5 during macronuclear development is marked with a bracket. The BAL 31 nuclease-treated micronuclear DNA shows a single sequence (Fig. 5B, MICRO panel) for MDS4, including the bracketed 13-bp repeat sequence, and for the first 5 nucleotides of IES2. Two different nucleotides occur in the sixth and eighth positions in IES2, and 3 nucleotides occur in the 16th and various subsequent positions, reflecting the presence of at least three copies of the micronuclear actin I gene. The third panel (MICRO CLONE) in Fig. 5B shows the PCR product sequence generated from a clone of the micronuclear actin I gene. IES2 in the clone consists of a single sequence, which corresponds to one of the multiple copies of the micronuclear gene evident in the middle panel of Fig. 5B . The micronuclear genome of O. trifallax B contains at least three copies of the actin I gene.
The scrambled micronuclear actin I gene of Oxytricha sp. strain Aspen is scrambled similarly to the actin I gene of O. nova. The sequence of a portion of the micronuclear actin I gene in an organism tentatively designated Oxytricha sp. strain Aspen was obtained from a PCR product spanning the region from MDS4 to MDS2 (Asp-H, Fig. 3A ). In the region from MDS4 to MDS2 in the micronuclear actin I gene, the scrambled pattern is the same as in O. nova (29) , including the inversion of MDS2 (Fig. 3A) . O. nova and Oxytricha sp. strain Aspen are closely related; their actin I genes encode amino acid sequences that are 97% identical. Whether multiple copies of the actin I gene are present in Oxytricha sp. strain Aspen was not determined.
Thus, the structure of the micronuclear actin I gene in Oxytricha sp. strain Aspen is similar to the structure of the O. nova actin I gene, but the positions of the IESs (Fig. 3A) and the sequences of the IESs (Fig. 4B through E and G) are not conserved between the two species. Like the gene in O. nova, the Oxytricha sp. strain Aspen micronuclear actin I gene differs from the actin I genes of the O. trifallax-O. fallax group in that it lacks the long IES6 and the very short MDS10 (Fig. 3A) . The sequences of the IESs of Oxytricha sp. strain Aspen also differ substantially from those of the O. trifallax-O. fallax group (Fig.  4B through E and G) . (Fig. 6) .
MDS-IES junction shifting in the scrambled
Shifts in IESs that interrupt the coding (conserved) region of the actin I gene are detected by comparing the repeat sequences that flank corresponding IESs among organisms (Fig.  4) . In Fig. 6A , the MDS-IES junctions between MDSs 5 and 6 in the three species are illustrated. In the micronuclear genes, MDS5 is downstream of MDS6 (Fig. 3A) and must be rearranged to the 5Ј end of MDS6 to form the macronuclear gene, presumably guided by the repeats that are present at the 3Ј end of the MDS5 and the 5Ј end of MDS6. The repeats are different among the species (Fig. 6A) For IESs that interrupt the noncoding 5Ј leader or 3Ј trailer, shifts are usually measured in reference to the start or stop codons because of the lack of conservation of noncoding sequences among species. In In Oxytricha sp. strain Aspen, the 10-bp repeat sequence for the same junction begins 5 bp downstream of the TGA, and hence IES3 starts 15 bp from the TGA.
In each example of MDS-IES junction shifts in Fig. 6 , the repeat sequences of the species overlap. In some cases in the actin I gene, the repeats of the different species do not overlap. For example, the nonscrambled MDS3-MDS4 junctions (Fig.  4A) do not overlap and are shifted by 138 bp (though this difference could also be the result of independent insertions of the IESs in O. nova versus the O. trifallax-O. fallax group), and the repeats between scrambled MDSs 1 and 2 ( Fig. 4H and I) do not overlap in all the copies of the genes. In addition, in the genes encoding the ␣-subunit of DNA polymerase in O. nova and O. trifallax (16, 17) , many examples of MDS-IES junctions involving scrambled MDSs are shifted and are nonoverlapping. In these examples in the actin I and the DNA polymerase ␣ genes, there are no common sequences between the repeats of the different species. We conclude that the MDS-IES junctions have shifted during the evolution of species.
DISCUSSION
IESs have been found in micronuclear genes in two major groups of ciliates: Tetrahymena and Paramecium representing hymenostomes and Oxytricha, Stylonychia, and Euplotes representing hypotrichs. Hypotrichs and hymenostomes are very distantly related evolutionarily, probably having diverged from a common ancestor several hundred million years ago. Thus, IESs clearly represent a major, ancient phenomenon of unknown significance in the germ line genes of at least two large groups of ciliates. All IESs are AT rich, are flanked by repeat sequences that are presumed to be required for excision, and are excised during the development of the macronucleus after cell mating. To investigate the possible significance of IESs, we have undertaken to define their behavior in evolution by comparing IESs in the nonscrambled ␤-TP gene and in the scrambled actin I gene among several oxytrichid species.
The IES organization is not conserved in the micronuclear ␤-TP genes of three species. IESs differ in number, position, length, and sequence in the ␤-TP genes of the three species studied. The ␤-TP gene contains three IESs in O. nova (26) , two IESs in S. mytilus, and six IESs in O. trifallax (Fig. 1) . The IESs do not correspond in position from species to species, so it is impossible to discern whether a particular IES in one species corresponds to a particular IES in another species. IES1 is present in the 5Ј end of the micronuclear ␤-TP gene in all three species but in different positions relative to the ATG start codon. It is 4 bp downstream of the ATG in O. nova, 82 bp upstream in S. mytilus, and 8 bp upstream in O. trifallax. The sequences and lengths of IES1 among the species are completely different (Fig. 2) . These differences indicate that IESs are probably mobile elements in evolutionary time, entering and leaving germ line genes apparently randomly. In this mobility, IESs in the ␤-TP gene are strikingly different from the intron in the ␤-TP gene, which occupies the same position in all three species (Fig. 1) , although the intron has changed in length and sequence among species (6) . What determines or drives the mobile behavior of IESs is unknown, and how they are introduced and precisely removed during evolution is unknown, just as the mechanism for the precise removal of IESs during macronuclear development remains an enigma.
A related change in IES number occurs in genes 51A and 51B in Paramecium tetraurelia (33, 35) . The 51A and 51B genes are members of a family of surface protein genes that are related in sequence and function. The 51A and 51B micronuclear genes are both nonscrambled. The 51A micronuclear gene (ϳ500 bp of promoter and the entire coding region) contains eight IESs (35) , but the 51B micronuclear gene (ϳ500 bp of promoter and the entire coding region) contains only four IESs (33) . The four IESs of the 51B gene correspond in exact nucleotide positions to IES1, IES2, IES6, and IES7 of the 51A gene, but the sequences of all of the IESs are different between the genes. Thus, the positions of the four common IESs are conserved between the 51A and 51B genes, but the 51A gene contains four additional IESs. The conservation of the positions of four IESs between the 51A and 51B genes is explained by the common ancestry of the two genes, but four additional IESs must have subsequently been inserted into the 51A gene or removed form the 51B gene. These data complement the observations on the ␤-TP gene, in which IESs can be inserted, removed, or shifted during the evolution of species.
The IES organization and scrambling pattern are conserved in the scrambled actin I genes of five hypotrichs. The overall scrambling pattern of the micronuclear actin I gene is similar in the three species, O. nova, the O. trifallax-O. fallax group, and Oxytricha sp. strain Aspen (Fig. 3) . In O. nova, the gene consists of nine MDSs in the order 3-4-6-5-7-9-2-1-8, separated by eight IESs. The actin I gene in Oxytricha sp. strain Aspen is similarly scrambled for the region that has been sequenced, i.e., MDSs 4-6-5-7-9-2. The pattern is very similar in the O. trifallax-O. fallax group, with the exception of the additional, nonscrambled MDS10 and the additional large IES6 that separates MDS9 from MDS10. Thus, the actin I gene represents another case in which an IES has been either inserted or removed, depending on whether eight or nine IESs represent the more evolved state. In all cases, MDS2 is inverted.
Because the scrambling pattern is conserved among the three species, corresponding IESs of their micronuclear actin I genes can be compared. Some corresponding IESs within different copies (or alleles) within a cloned organism and within different isolates of the same species (in the O. trifallax-O. fallax group) show a modest degree of change. In contrast, corresponding IESs among the three different species differ substantially in length and sequence. in the two organisms represents a single original IES that has been displaced by shifting 138 bp, as proposed in Fig. 7 (or by another mechanism), or it represents two different IESs inserted independently in the two species. This cannot be determined, because the copies of IES1 bear no resemblance in sequence and are very different in size. The sequence difference could be accounted for either by shifting (Fig. 7) or by independent insertions.
The sites of IES insertions in the actin I genes of the hypotrichs show no particular relationship to intron positions in actin genes in various eukaryotic species, nor do they show any particular relationship to positions of the structural or functional domains of the actin protein. Locations of intron positions within the actin genes among many species were assembled by Weber and Kabsch (39) and compared to the boundaries of protein structural domains. No correlations were identified. We examined IES positions of the actin I gene in relation to the intron positions and the domain boundaries, as well as the structural domains summarized in a review by Sheterline and Sparrow (34) , and no correlations were evident. Thus, IES insertion locations are not affected by protein structure and are not related to intron insertion locations.
Differences in sequence and length of IESs in the multiple copies of a gene within a cloned organism. At least two copies of the ␤-TP gene have been identified in the micronuclear DNA of S. mytilus, O. trifallax B, and O. trifallax WR, and at least two copies of the actin I gene have been sequenced from the micronuclear DNA of O. nova (29) , O. trifallax B, and O. fallax. Whether any of these copies are allelic is not known. The presence of multiple copies of the genes is detected primarily by differences in the sequences and lengths of IESs ( Fig.  2 and 4 ) and by differences between the micronuclear versions and the macronuclear genes (data not shown). Comparisons of the different copies of the genes reveal that the positions of IESs are conserved among copies in a species, despite the differences in sequences and lengths of several IESs (Fig. 2, 4 , and 5). Some of the repeats that flank IESs are slightly shifted or lengthened from one copy to another within a cloned organism. For example, the different copies of the repeat flanking IES4 in the O. trifallax B ␤-TP gene are ACTT and ACTTC (Fig. 2C) , a difference of 1 bp, and the different versions of the repeat at the 5Ј end of IES3 in the O. trifallax-O. fallax actin I gene are TGAGGAAT and TCTGAGGAAT (Fig. 4C) , a difference of 2 bp. These differences are addressed in the mutational shifting model (Fig. 7) .
The intron of the ␤-TP gene has changed in sequence and length during the evolution of the three species, O. nova, O. trifallax, and S. mytilus. However, its position in the gene has remained the same during the evolution of species and the evolution of multiple copies within each species. These data on multiple copies of the ␤-TP and actin I genes demonstrate that IESs mutate much more rapidly than the coding sequences or introns.
Sequences and lengths of IESs in three different isolates of the same species, O. trifallax-O. fallax. By classical taxonomic criteria, primarily ciliary patterns, O. trifallax B, O. trifallax WR, and O. fallax are members of a single species (8a). The nucleotide sequences of the coding regions are 98 to 100% identical for actin I (374 amino acids) for the three organisms and 97 to 100% identical for the ␤-TP gene (depending on which of the multiple copies of the gene are compared), which supports Foissner's conclusion. However, telomere-bearing transposon-like elements in O. trifallax B and O. fallax are slightly different in sequence, number, and insertion site between the two organisms (40) , which muddles the species question. In our work, because of the sequence similarities of the IESs, the three organisms are considered to be different isolates of the same species.
The micronuclear ␤-TP gene is identically organized in the two isolates, O. trifallax B and O. trifallax WR (the ␤-TP gene was not sequenced in O. fallax), with six IESs and seven MDSs (Fig. 1A) (Fig. 4) , which demonstrates a high rate of mutation in this IES.
IESs of the ␤-TP and actin I genes occur in nearly the same positions in O. trifallax B, O. trifallax WR, and O. fallax, but the junctions of the IESs with their MDSs have shifted by 1 to several nucleotides. These data illustrate that sequences of IESs can mutate at a high rate, that positions of IESs are more highly conserved than the sequences of IESs, and that IESs can shift along the DNA.
Mutational model of MDS-IES junction shifting. The overall scrambling pattern in the actin I gene is the same in the three species, O. trifallax, O. nova, and Oxytricha sp. strain Aspen, but from species to species, all of the corresponding IESs have shifted by 1 to 14 bp within the actin I gene. Two sets of MDS-IES junction shifts in the actin I gene, ranging from 1 to 9 bp among the three species, are presented in Fig. 6 . Each MDS-IES junction shift creates differences among species in the repeat sequences and the IESs, which have shifted in position and changed in length and sequence during evolution. These changes in repeat sequences and IESs are likely due to point mutations in the IESs (described in the model in Fig. 7 ).
The mutational model in Fig. 7 is invoked to explain differences in MDS-IES junctions and repeat sequences that occur both among species (as shown in Fig. 6 ) and among different copies of a gene within a species. The model is based on successive point mutations in the IESs, which result in changes in the sequences and lengths of repeats and IESs. In the illustration, an initial mutation shortens the IES and lengthens the repeat of the adjacent MDS by 1 nucleotide by changing a terminal nucleotide of an IES (5Ј end in this case) to match the nucleotide immediately inside the other copy of the repeat (a change of C to A in the IES in Fig. 7A) . A similar mutation may have occurred in one of the copies of the O. trifallax-O. fallax ␤-TP micronuclear gene to extend the repeats flanking IES4 from ACTT to ACTTC (Fig. 2C) . A second mutation of A to C at the right junction (Fig. 7A) shortens the repeat by 1 nucleotide. In one of the copies of the micronuclear ␤-TP gene (Fig. 2C) , mutations similar to those shown in Fig. 7A may have occurred in the repeats flanking IES5, which would have shifted the repeat sequence from ACTGCT to CTGCTA; the order of mutations also may have been reversed. Alternatively, an IES can be shortened 1 nucleotide at a time by a mutation within an MDS, as shown in Fig. 7B ; however, such mutations would frequently change the coding sequence of the gene. By adding and subtracting from the IES at its two ends (via nucleotide change, insertion, or deletion), the MDS-IES junction can be shifted while maintaining approximately the same length of the repeat sequence. Single mutations in an IES of one copy of a micronuclear gene would create different MDS-IES junctions, different repeat sequences, and different IESs, as seen in the multiple copies of the ␤-TP and actin I genes of the O. trifallax-O. fallax group (Fig. 2 and 4) . Multiple mutations at both ends of the IES would create shifts of greater than a single base pair. Large numbers of successive mutations in noncoding IESs are likely to have occurred during the evolution of species, which would have created larger MDS-IES junction shifts, as shown in Fig. 6 .
The MDS-IES junction-shifting model only explains changes in lengths of IESs that are compensated by changes in repeat lengths. Larger changes in IES length, which are common, probably occur by deletions, insertions, or duplications within IESs. Large shifts in IES position, e.g., the 138-bp shift of IES1 in the actin I gene, also are not well explained by the model; single nucleotide mutations seem unlikely to be responsible for these substantial unidirectional shifts.
In the model, shifting of an IES 1 bp at a time along the DNA molecule is driven by mutation. The higher rate of sequence change in IESs increases the probability of shifting. (40) and Euplotes crassus (18) , are excised from the micronuclear genome during development and destroyed, which qualifies them as IESs. The IESs/transposon-like elements are long (several kilobases), highly repetitive sequences (thousands of copies per micronucleus), in comparison with the short IESs, which are unique sequences like those present in the actin I and ␤-TP genes. In E. crassus, at least some of the transposonlike elements are excised at a different time in development than are the short IESs (9, 18, 37, 38) ; the times of excision of Oxytricha IESs have not been well determined. The common characteristics between the transposon-like IESs and the short IESs, which have always been classified separately, is that all are eliminated during macronuclear development and all are flanked by repeats. Like different types of introns, the transposon-like IESs and the short IESs are different types of IESs.
Analysis of IESs from E. crassus and Paramecium (20) indicates that IESs in these ciliate species have some sequence similarity to transposons. The IESs of Oxytricha and Stylonychia do not have any of the sequences or structural properties conserved in transposons, except for the short direct repeats that flank them. In addition, no similarities in sequence have been found among the IESs of Oxytricha and Stylonychia species, despite many attempts by us and others to identify consensus sequences. (Fig. 3 ) and the differences in MDS-IES arrangements in the ␤-TP genes (Fig. 1) . During evolution, IESs between nonscrambled MDSs could be lost in rare deletion events, because a deletion of an entire IES would restore the original sequence (which could be part of an ORF). In contrast, deletion of an IES from a scrambled gene could result in the inability to unscramble the gene correctly. Scrambling of a micronuclear gene may therefore restrict the insertion or removal of IESs from the scrambled region of the gene, but nonscrambled regions may be unrestricted.
Conclusions. (i) Two or more copies of the ␤-TP and actin I genes can be distinguished in clones of a single hypotrich species, distinguishable primarily by differences in sequences and lengths of IESs. (ii) IESs mutate much more rapidly than MDSs, which include coding and noncoding sequences, of the ␤-TP and actin I genes. (Fig. 2C ). In the model, the repeat has been lengthened by a mutation of a C to A (arrow between lines 1 and 2) to create the repeat ACTGCTA. An additional mutation of A to C (arrow between lines 2 and 3) has shortened the repeat to CTGCTA, which is also a repeat sequence that flanks IES5 in the O. trifallax B ␤-TP gene (Fig. 2C) . The net result is shifting of the MDS-IES junction by 1 bp, with no change in the amino acid sequence. (B) An alternative example, in which a mutation of A to C in the MDS lengthens the repeat sequence ACTGCT to ACTGCTC (arrow between lines 1 and 2). A change at this end of the repeat in MDS6 would change both the repeat sequence and the amino acid sequence (ACC ϭ threonine and CCC ϭ proline). The repeat sequences in the figure are based on the sequences flanking IES5 in the ␤-TP gene of the O. trifallax-O. fallax group, but in addition, the IESs differ in sequence between the copies of the gene (Fig. 2C) 
